The noise equivalent circuit model for a GaAs MESFET proposed previously [I] is supplemented with a model for device parasitics, in order to calculate the noise parameters of a mounted GaAs MESFET. The calculated parameters are in good agreement with measured noise parameters from 2 to 18 GHz. The model is thus established as a valid representation of the noise properties of the device. The utility of the model lies in the fact that, compared with the measured and tabulated noise parameters, its elements are easier to obtain, and it serves as a simpler, more compact description of the noise characteristics of the MESFET.
The noise figure for any generator admittance can be expressed in terms of these four parameters as follows [3]:
A noise equivalent circuit for a GaAs MESFET in common-source configuration was presented in [ 11. This equivalent circuit employs only four lumped circuit elements and a noise source; these five elements are dc-biasdependent but frequency-independent, and their values can be found by on-wafer measurements which require no circuit tuning. Fig. l(a) shows the noise equivalent circuit of the intrinsic device, along with the idealized model for the external circuit that has been used in [l]. The four noise parameters were calculated for this circuit model at a Manuscript received March 3, 1987; revised September 24, 1987 
(2) -Yg,op =Gg,op + jBg,op
where G,, + jB,, is the input admittance Y,, of the intrinsic MESFET defined in Fig. l(a) , S,, is the power spectral density of the output noise current io at a, Tref is the reference temperature of 290 K, jBcor is the purely imaginary correlation admittance relating the noise voltage r o / g , to the correlated part of the input noise current i,,, k is Boltzmann's constant, and all other symbols have been defined in Fig. l(a) . The noise model of Fig. l (a) was validated in [l] by on-wafer experimental measurements, which demonstrated that the model is capable of predicting the minimum noise figure F, , of the device embedded in a linear circuit over a range of microwave frequencies and dc bias conditions. The present paper generalizes the results of [l] in the following two ways:
(i) It shows how the MESFET noise model can be extended so that it applies not only to on-wafer devices, but also to devices that are mounted and bonded in circuits. (ii) It shows, by comparing calculated and experimental results, that the device noise model presented in [l] is useful for predicting not only the minimum noise figure F, , , as demonstrated in [l], but other noise parameters as well.
B. The Problem
While the ability to determine F,,, entirely from onwafer measurements is a major advantage of the proposed 0018-9480/88/0400-0745$01.00 01988 IEEE model and technique, the noise model should be equally applicable to MESFET's that are not on-wafer, e.g., packaged devices or chips mounted and bonded on a carrier. The electromagnetic nature of the packaging and bonding region can usually be represented by some parasitic elements, such as the bonding wire inductance and bonding pad capacitance. The inclusion of parasitics was not necessary in [l] , where only the expression for F-in (2) was verified by actual measurement. This is because the package or the chip carrier contributes to the device some parasitic elements which are largely lossless, and F-is invariant with respect to lossle$s transformations at the input and output ports of a two-port [4]. By contrast, the other three noise parameters Gg,@, Bg,op, and R, are not invariant to lossless transformations and therefore change as a result of the parasitics introduced by device mounting and packaging. Since the experimental measurement of the noise parameters in practice is usually carried out on mounted devices which incorporate the parasitics, the values of the four noise parameters as obtained by experimental measurement, and as contained in manufacturers' data sheets, are normally defined at reference planes which are physically separate from the terminals of the intrinsic MESFET in general. On the other hand, the four noise parameters calculated from (2)-(4) are "intrinsic noise parameters," since the noise equivalent circuit of Fig. l(a) represents only the intrinsic elements of the MESFET (shunted by Y, at the input), and does not account for the device parasitics. A proper accounting of these parasitics is essential before the measured (extrinsic) and the calculated (intrinsic) noise parameters can be compared.
In most circuit applications, the device is typically embedded in the circuit along with its mounting and bonding parasitics. Therefore, in order to optimize the noise performance of the circuit, the circuit designer needs the extrinsic noise parameters of the MESFET, which include the effect of the parasitics. Moreover, the reference plane at which these parameters are defined must be precisely known for the noise parameters to be useful in any actual design optimization.
C. Objectives
The primary purpose of this paper is to (a) extend the noise model of MESFET to include the parasitics introduced by mounting and packaging, (b) develop transformations relating the noise parameters at the terminals of the intrinsic device to those at the terminals of the extrinsic device and vice versa, (c) compare the calculated extrinsic noise parameters with the experimentally measured noise parameters, and (d) thereby establish the validity of the noise model of [l] for predicting noise parameters other than F-A noise equivalent circuit model for the MESFET including the parasitics is given in Section 11, and it is shown how the value of each circuit element in this model is deduced from experimental data taken on the MESFET. The noise parameters are then calculated from the model, and are compared with experimentally measured noise parameters in Section 111.
As a by-product, this paper also serves the following secondary purposes:
(a) Normally, the noise parameters of the MESFET are reported on the device data sheets in tabular foim, listing the values of F-, Gg,op, Bg,*, and R, as a function of frequency. This paper suggests a method of summarizing the measured device noise data very compactly in the form of the values of a few model circuit elements, from which the tabulated data can be calculated using simple closedform expressions.
(b) The usual method of determining the equivalent circuit parameter values of the MESFET (and its parasitics) is by numerically optimizing the equivalent circuit element values for wluch the S parameters of the equivalent circuit best match the S parameters of the device over a wide frequency range. In an analogous manner, if the noise parameters have already been measured over a wide frequency range, the technique of tlus paper can be used to determine the values of the MESFET noise equivalent circuit parameters and parasitic elements by fitting them to the measured noise parameters of the device.
(c) The experimental data used in [l] to verify the noise model were obtained on developmental devices, which are not publicly available. In this paper, commercially available MESFET and noise parameter data are used for modeling and verification, so that the readers can verify the validity of the noise models for themselves.
NOISE MODEL FOR THE EXTRINSIC MESFET A. The Device Parasitics
Although many parasitic elements are usually included in a broad-band representation of the MESFET (see, for example, [l, fig. 4 ]), the noise analysis can be simplified if some of these can be combined together to yield the effective values for a few essential parasitic elements. Such a model of parasitics, reduced to its simplest form, is shown in Fig. l(b) , and includes the following elements:
The net capacitance Cp in shunt at the input port of the MESFET. The largest contribution to Cp is usually due to the bonding pads on the semiconductor chip. The net inductance L, in series at the input port of the MESFET. Much of L, is due to the bonding wires leading from bonding pads to the transmission line of the fixture in which the measurements are made. The net loss in the parasitics, represented by a shunt conductance G, at the input port. This manner of modeling the loss has been motivated by the simplicity of subsequent calculation that it allows, as will be shown in Section 111.
The net electrical length I, of a lossless uniform nondispersive section of transmission line representing the physical separation of the plane of measurement from the intrinsic device. This line has a characteristic admittance Yo, and it introduces a time delay T~ = v p / l t , where up is the speed of electromagnetic waves on the transmission line. This model will be referred to as "extrinsic MESFET" in the subsequent discussions. This model is one of the many that could be constructed to represent the MESFET along with its parasitics, and was selected due to its intuitive appeal, since each element in it can be given a direct physical interpretation in terms of the device structure.
The parasitics at the output port of the MESFET have been ignored in this model for the following reason. In general, the parasitics at the output port will also consist of the lossy and the lossless elements, and will therefore have two effects. The thermal noise in lossy elements will contribute to the noise figure, while the impedance of all the elements will serve to transform the load impedance. Consider first the thermal noise due to the losses in the output parasitics. If the gain of the MESFET is large, the contribution of the lossy parasitics to the overall noise figure is negligible. Next consider the impedance transformation due to the parasitics at the output. Since the four noise parameters are each independent of the load impedance of the two-port, they are unaffected by the parasitics.
B. The Device and Its Noise Parameters
All circuit element values, calculated noise parameters, and measured noise data reported in this paper pertain to the NE045 microwave GaAs MESFET's manufactured by the NEC Corporation. These devices are designed for low-noise, high-gain applications, and are available in chip form. They are fabricated by a triple epi layer self-aligning process and have recessed aluminum gate which is 0.3 pm long and 200 pm wide. These devices were chosen for two reasons:
(i) Unlike the developmental devices reported in [l], the NE045 MESFET's are commercially available in quantity, so that our results can be verified in other laboratories. (ii) Detailed specifications for this device are available from the manufacturer in the form of a data sheet [5] , which includes broad-band noise parameters of the MESFET.
The data sheet specifies the microwave small-signal and the noise parameters for this MESFET under one operating condition, in which the device is maintained at room temperature, and is dc biased at a drain-to-source voltage V,, = 3 V and a drain current I , = 10 mA. All parameters and calculations mentioned in this paper therefore also refer to this same operating point.
The measured values of the four noise parameters for this MESFET packaged in a standard 70 mil microstrip package [6], at the above operating point and over the frequency range 2 to 18 GHz, are shown in Table I , which is taken from the manufacturer's data sheet [5] . In place of Yg,op the data sheet provides the optimum generator reflec-I Table I contains a more recent set of noise parameter data, also available from the device supplier [7], for the same device in chip (unpackaged) form and at the same operating point. The second set is measured with the input port reference plane at the gate bonding pad of the device, and will therefore be used in all of the following calculations. The first set is nevertheless included in this table because it will subsequently help clarify the role of a parasitic element T~, to be introduced later.
C. Equivalent Circuit Parameter Evaluation
The NE045 MESFET chip was mounted in the fixture that has been described in the literature [8] , and the values of the four equivalent circuit elements Cg,, R,, g,, and R, were determined from the broad-band S parameters of the device. The measured S parameters for the device are not reported here, because they are in very good agreement with the S parameters contained in the data sheet mentioned above [5]. The equivalent circuit elements were found by fitting the MESFET equivalent circuit to the measured S parameters, as described in [l] . At the operating point of interest, the element values thus found have the values listed in Table 11 . In addition to these element values, the S parameter fitting also yields the values of some of the parasitic elements associated with the device; these are discussed in Section 11-D.
The fifth parameter, Si,, obtained through the output noise power measurement method described in [l] , is also listed in Table 11 . The only intrinsic equivalent circuit parameter not determined is B,,,. Of the four noise parameters, only Bg,op is influenced by B,,,. If the correlated input noise current is small, B,,, will also be small. It will be assumed to be negligible compared to Bin in the following. This assumption should be valid for the lower frequencies (up to 18 GHz), for which the noise parameter expressions of Section I-A hold.
The remainder of Section I1 describes a method for determining each of the circuit elements appearing in the model of Fig. l(b) and illustrates this method by an actual determination of the element values for a commercial MESFET.
D. Determination of Parasitics
The S parameter fitting procedure mentioned in Section 11-C yields the values of the parasitic elements C' and L , along with the values of the intrinsic MESFET parameters. These values are also listed in Table 11 .
The third parasitic element G, can be determined in one of several ways. Since the device noise parameter data are available for NE045 MESFET in Table I , the simplest way of estimating G, is through the measured values of the device noise parameters at a low frequency fL. T h s frequency should be sufficiently low that the device input conductance Gin becomes negligible compared to G,, but should be sufficiently high that the noise parameters are not influenced by the low-frequency noise sources such as l/f and gr noise in the device. At such a frequency, each of the noise parameters Fmin, R,, and Gg,op of the intrinsic MESFET becomes independent of frequency, and this fact can be used as a check of the correct choice of fL. For devices with submicrometer gate lengths, a frequency of approximately 1 GHz is a suitable choice for fL in most normal cases.
The value of G, can be fpund by solving (2) in the low-frequency limit, wluch yields Alternatively, (3) in the low-frequency limit could be solved for G,, which leads to at fL. (6) G, = / --I 2Rn Although the measured parameter values in Table I apply at the reference plane of measurement, they can be used in place of the intrinsic parameter values appearing in (5) and (6) since the parasitics have a vanishmg effect in the limit of low frequencies, where (5) and (6) apply.
From the data in Table I , the values of F, , , R,, and
Gg,op at 1 GHz can be extrapolated as 0.4 dB, 43 Q, and 2.3 mS, respectively. The estimated value of G, is thus found to be 0.07 mS from (5), and 0.18 mS from (6). While this scatter implies either a discrepancy in the measured data or a weakness in the noise model at low frequencies, or both, it has little effect on the accuracy of modeling at microwave frequencies, where G, is small compared to Gin. The value of G, is therefore taken as 0.07 mS in Table 11 ; t h s will result in a circuit model which will have a better match with Fmin data than with Gg,op data at low frequencies, since (5) is used and (6) is ignored. The last parasitic value rd depends on the exact location of the reference plane at which noise parameters were defined and measured. This will therefore be treated as an unknown, and will be determined from the noise parameter data themselves.
CALCULATION OF NOISE PARAMETERS
Having determined the value of every element (except rd and I?,,,) in the noise equivalent circuit model of Fig. l(b) , the noise parameters for the extrinsic MESFET can be calculated. In principle, this calculation can be carried out in three steps:
The four noise parameters for the intrinsic MESFET in the right half of Fig. l(b) can be calculated directly from (2)-(4), by setting Y, = 0.
(ii) The noise parameters of the passive two-port consisting of the parasitic elements alone, as shown in the left half of Fig. l(b) , can be calculated from a knowledge of the Z parameters of this two-port [9]. (iii) The relationships for the noise parameters of a cascade of two two-ports [lo] can be employed to determine the overall noise parameters for the complete extrinsic MESFET of Fig. l(b) .
However, the results can be obtained by a simpler technique as follows. Since the lossy part of the parasitics has been modeled as a shunt conductance G, at the input port of the intrinsic MESFET, its effect on the noise parameters can be included in (2)-(4), by setting Y, = G,, wluch accounts for the loss in the parasitic elements. The quantities F-, Yg,op, and R , thus determined are the noise parameters for the combination of intrinsic MESFET plus parasitic losses, while Yg and rg are the generator admittance and reflection coefficient connected to this combination, as indicated in Fig. l(c) . The noise parameters and the generator admittance for the complete extrinsic MESFET of Fig. l(b) will be denoted by the corresponding symbols with primes. These can be calculated from the unprimed quantities as follows:
(i) The remainder of the parasitics form a lossless transformation at the input port, and therefore leave the minimum noise figure invariant. Therefore, FA, for the entire extrinsic MESFET is the same as the F,, for the combination of intrinsic MESFET plus extrinsic losses:
(ii) The generator admittance Yg at the input port of the extrinsic MESFET is related to the generator admittance Yg (seen at the input port of the intrinsic MESFET plus extrinsic losses combination) by where Yg' and r;' are defined at the reference plane defined in Fig. l(c) . Since the noise figure remains invariant with respect to lossless transformation, the optimum values of Yg and Y; occur together. Therefore, the noise parameter Y;, op for the extrinsic MESFET can be found by inverting the set of eqs. (8) as (iii) The value of the last noise parameter RL for the extrinsic MESFET can be found by the use of a theorem due to Lange [ll] , which states that the product RnGg,qp is also invariant with respect to lossless transformation. Therefore, the value of R:, for the extrinsic MESFET is given by
The four noise parameters for the extrinsic MESFET are thus calculated in two steps. First, the noise parameters for the intrinsic MESFET plus extrinsic losses combination are calculated from (2)-(4). Then the four noise parameters F A , RL, and YAop are obtained from (7), (9), and
The one unknown rd is treated as an adjustable parameter. Since it influences only the values of R', and the angle of r;,op, it is selected to obtain a good fit between the calculated and measured values of RL and the angle of rg,.,. The value of rd was thus estimated to be approximately 3.5 ps, which is included in Table 11 .
The four noise parameters for NE045 MESFET, found in this manner, are plotted as a function of frequency in c h p noise parameters from Table I are also plotted in Fig.  2 as circles. It is apparent that there is good agreement within the uncertainty of measurements. A good agreement can also be obtained with the noise parameter data in Table I for the packaged device by a suitable choice of rd. In this case, the value of rd is estimated to be approximately 10 ps for good agreement with the measured R', data, and 25 ps for good agreement with measured angles of r;,op over the entire frequency range. Thus the process of model parameter determination helps understand exactly how the two data sets in Table I differ from each other with respect to the reference plane used during the measurement of noise parameters.
IV. CONCLUSIONS AND SIGNIFICANCE The principal conclusions of t h s paper can be summarized as follows:
(i) The noise equivalent circuit of the extrinsic MESFET can be used for predicting not only the minimum noise figure of the MESFET, as shown in [l] , but also the other noise parameters Gg,op and R , as a function of frequency.
(ii) The noise parameters for the intrinsic GaAs MESFET, calculated from the noise equivalent circuit, can be transformed to the accessible reference planes of the MESFET by including the effect of the extrinsic parasitics.
(iii) If the small-signal and package parasitic elements have already been determined for the MESFET, one additional measurement of the noise current spectral density S,, is sufficient to determine the noise parameters F, , ,
The practical significance of these results lies in the following possible uses of the technique of this paper:
(i) The results of this paper show that the device parasitics can be helpful in the design of low-noise circuits. At low frequencies, the parasitics have little effect, so that the value of R',(w) is nearly equal to the frequency-independent value of R,. At higher frequencies, the parasitics cause R',(w) to fall below R , , and must at the same time increase GL,op(w) above Gg,op, since the RnGg,op product remains invariant. Both of these changes are helpful. The increase of GL,op ( 0) makes it easier to provide an optimum termination at the input port of the device, since Gg,op is typically smaller than the most commonly encountered value of G g = 20 mS in practice. At the same time, a smaller R',(w) implies that the noise figure is less sensitive to degradation caused by nonoptimal input termination. Indeed, controlled amount of on-chip parasitics may be added to simplify the design of the circuit at a given frequency.
(ii) The noise behavior of the MESFET in a linear circuit, and under given dc bias and temperature conditions, can be compactly summarized in a small set of parameters (the five intrinsic device parameters, and a few parasitics), from whch the noise performance can be readily calculated at any desired frequency. This eliminates the need for graphical or tabulated noise data, such those in Table I , which are cumbersome and require interpolation for a frequency not present in the table. All but one of the parameters in this small set are typically already determined for small-signal characterization of the MESFET, so that only one additional number, the noise current spectral density S,,, is needed for complete noise characterization. This set of parameters can be used for such purposes as device specification, circuit design, and optimization. In particular, this parameter set can be efficiently used in the device parameter libraries that usually accompany some of the commonly available computer software for circuit analysis and simulation.
(iii) The measured values of the noise parameters over a range of frequencies can be used to estimate the values of the several elements in the noise equivalent circuit and the Gg,op, and R , .
parasitic elements, by requiring best fit. This is analogous to the determination of the device equivalent circuit elements by broad-band S parameter measurement followed by model fitting to the measured data.
